Investigating the dependence of breast calcifications signal to noise ratio on mammographic spectra: Monte Carlo simulation studies by Delis, H et al.
2009 JINST 4 P07007
PUBLISHED BY IOP PUBLISHING FOR SISSA
RECEIVED: March 28, 2009
ACCEPTED: May 26, 2009
PUBLISHED: July 7, 2009
4th INTERNATIONAL CONFERENCE ON IMAGING TECHNOLOGIES IN BIOMEDICAL SCIENCES,
FROM MEDICAL IMAGES TO CLINICAL INFORMATION - BRIDGING THE GAP,
22–28 SEPTEMBER 2007,
MILOS ISLAND, GREECE
Investigating the dependence of breast calcifications
signal to noise ratio on mammographic spectra:
Monte Carlo simulation studies
H. Delis,a V. Vlachopoulou,a G. Spyrou,a,b L. Costaridou,a G. Tzanakosc
and G. Panayiotakisa,1
aUniversity of Patras, School of Medicine, Department of Medical Physics, 265 00 Patras, Greece
bAcademy of Athens, Biomedical Research Foundation, 115 27 Athens, Greece
cUniversity of Athens, Department of Physics, 157 71 Athens, Greece
E-mail: panayiot@upatras.gr
ABSTRACT: A Monte Carlo simulation model is utilized to study the influence of mammographic
spectra on the SNR of simulated inhomogeneities representing calcifications of various thicknesses,
embedded inside a mathematical breast phantom. The phantom is semicylindrical, mimicking a
physical phantom for mammography, with background simulating glandular breast tissue. A step
wedge arrangement with foils composed of Hydroxyapatite, was embedded. Monte Carlo methods
have been used to sample the initial x-ray photon energy and trace the photons inside the breast,
taking into account all possible physical processes. For the purposes of this study, only the third
dimension (thickness) of calcifications was kept in realistic size, since it is the one related with the
influence of the x-ray spectrum on the image, while the calcifications visibility with respect to their
projection size is mainly affected by the resolving power of the imaging system. The discrimina-
tion of different calcifications thicknesses, described in terms of SNR, strongly depends on all the
parameters affecting the x-ray spectrum. Tube voltage strongly affects SNR of small and medium
thickness calcifications. The common Mo/Mo spectrum demonstrates improved characteristics,
with SNR differences up to 14%, with respect to Rh/Rh for the entire thickness range of calcifi-
cations studied. Increase in filter thickness decreases SNR for calcification thicknesses less than
1200 µm, while beyond this point increased filter thickness results in improved SNR. As far as the
filter material is concerned, the thicker calcification to be visualized, the higher the k-absorption
edge of the filter required, in order to achieve the maximum SNR.
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1 Introduction
Mammography, either for screening or for the examination of a woman who displays symptoms of
breast cancer, must be capable of revealing subtle differences in density and composition of breast
parenchymal tissue, as well as the presence of any abnormalities. This is a challenging imaging task
since connective tissue, glandular tissue, skin and fat must be simultaneously visualized and differ-
entiated, while having very similar attenuation coefficients and thus low subject contrast (CS) [1].
Furthermore, it is also necessary to image objects of small size, such as microcalcifications, or of
low contrast, such as masses.
Studies, concerning the improvement of image quality characteristics in mammography with
the proper selection of x-ray imaging parameters, have been implemented on the basis of both
clinical or experimental results [2–5] and Monte Carlo simulation studies [6–8]. Through these
studies it has become apparent that a major factor affecting the image quality is the mammographic
x-ray spectrum.
In this work, a Monte Carlo simulation model is utilized aiming to study the influence of mam-
mographic spectra on the Signal to Noise Ratio (SNR) of simulated inhomogeneities, representing
calcifications of various thicknesses, embedded inside a mathematical phantom.
2 Methods and material
2.1 Monte Carlo simulation model
An already developed and validated simulation model [9, 10] dedicated for mammography, based
on Monte Carlo methods, has been used to simulate the irradiation of a breast phantom with polyen-
ergetic mammographic x-ray spectra, commonly applied in mammographic practice. The exposure
of the photons leaving the phantom towards the detector plane was recorded and the produced two
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dimensional exposure matrix (with a pixel size of 50 µm) was transformed to an 8-bit greyscale
image, in order to illustrate the results in a pictorial form. This image represents the spatial distri-
bution of the exposure above detector plane (CS), which would be the input for any detector below
the phantom in order to formulate the final image.
The imaging performance of a wide range of mammographic spectra [8] have been evaluated
with the simulation model and their influence on imaging of calcifications was studied. These
spectra correspond to several combinations of anode (Mo, Rh, W) and filter (Mo, Rh, Nb, Al, Ru
and Pd) materials and thicknesses (0.029–3.0 mm), and tube voltages (24-34 kVp), with 1 mm
Be-window inherent filtration.
In order to make the results be comparable, on the basis of the produced image, the number of
initial x-ray photons in all studies was normalized in order to produce the same exposure at air just
above the detector plane.
2.2 Mathematical breast phantom
The geometry of a physical test phantom was simulated utilizing a mathematical semicylindrical
phantom, of 8 cm diameter and 4 cm thickness, placed at an x-ray focus to detector distance of 60
cm. In order to study the most demanding imaging task [1], the breast phantom was selected to
compose exclusively of glandular tissue (100% glandularity), mimicking dense breast.
The embedded step wedge (figure 1) was designed in order to allow studies on the detectability
of calcifications of various thicknesses and of fixed width and length. Therefore, at the center of
the breast phantom a step wedge arrangement of calcification foils (rectangular parallelepipeds)
was placed, with chemical properties corresponding to Hydroxyapatite (HA: Ca10(PO4)6(OH)2),
one of the most common materials met in calcifications [11].
The projection size (width × length) of each calcification foil was set to 0.5 cm × 0.5 cm,
which is considered to be an adequate size, given the compressed breast radius (4 cm), in order to
have sufficient statistical accuracy for the estimation of the signal under each foil. For the purpose
of this study, only the third, “invisible”, dimension (thickness) of calcifications should be kept
in realistic size, since it is related with the influence of the x-ray spectrum on the image, while
the calcifications visibility with respect to their projection size is mainly affected by the resolving
power of the imaging system.
3 Results and discussion
The SNR, and subsequently the discriminability, of calcifications strongly depends on the mammo-
graphic spectrum. Beam hardening, due to increase of tube voltage or filtration thickness results in
a decrease of the signal strength differences (CS) between the inhomogeneity and the background,
and thus the produced quality of the image is degraded. At the same time, the quantum noise,
which is considered as the only source of noise in the present study, decreases due to the increased
number of x-ray photons penetrating the calcifications (given the normalization of the exposure at
the detector plane) .
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Figure 1. Graphical representation (a) and Monte Carlo generated image (b) of the phantom including the
step wedge utilized in the present study. The numbers represent the thickness and the dimensions of the
calcification foils in µm.
3.1 Effect of tube voltage
Figure 2 presents the influence of tube voltage on SNR for two commonly used anode filter combi-
nations in mammography, Mo/0.030Mo and Rh/0.029Rh. Apart from the obvious fact that the SNR
increases with the calcification thickness, one can notice that the increase of tube voltage leads to
SNR decrease. This is attributed to beam hardening, which although decreases noise, decreases
more rapidly the output signal, expressed in terms of CS. This does not stand for the case of calci-
fications of larger thickness, where the decrease of SNR with respect to tube voltage is attributed
to the noise decrease, since the CS has reached to a “saturation” region.
Mo/0.030Mo demonstrates an overall improved performance in terms of SNR of calcifications
and in the range of the tube voltages applied in mammography, presenting increased discriminabil-
ity, regardless of the discrimination threshold. Indicatively, the relative SNR differences for a
common tube voltage of 28 kVp are almost 14% for the 100 µm calcification thickness and 7% for
the 500 µm.
3.2 Effect of filter thickness and material
The influence of the filter thickness on SNR, for the case of W anode, is presented in figure 3.
The signal for 20 µm thickness is close to the background, and thus the differences are relatively
small but are enhanced in the range of medium thickness calcifications. At this thickness range
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Figure 2. SNR versus calcification thickness for different tube voltages for: (a) Mo/0.030Mo and (b)
Rh/0.029Rh anode/filter combinations (25 kVp: diamond and black solid line, 28 kVp: circle and grey
solid line, 31 kVp: triangle and black dashed line, 34 kVp: cross and grey dashed line).
the CS is more sensitive to alterations in the hardening of the beam, and is able to reduce the SNR
of a 200 µm calcification thickness by as much as 6%, if 2 mm of Al is used instead of 1 mm.
In the case of calcifications of larger thickness, a critical point can be observed at approximately
1200 µm (figure 3), where CS is almost stable regardless of the filter thickness. Beyiond this
point, the relative performance of the spectra is reversed and the SNR increases with the beam
hardening, since noise decreases more rapidly than the CS, which is near a “saturation” region and
almost maximized.
In figure 4, the effect of the filter material on the SNR for different calcification thicknesses and
for W-anode is presented. It can be concluded that as the thickness of the calcification increases,
harder beam is required in order to achieve the highest SNR. In the case of Mo and Rh anode
materials the influence of the filter material cannot be studied in a straightforward way, since the
effect of the filters’ absorption edge on the SNR is partially hidden behind the effect of the anode’s
emission edge. In the case of W as anode material, where there is no k-emission edge inside the
mammographic energy range, the correlation between the maximum SNR and the k-absorption
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Figure 3. SNR versus calcification thickness for different Al filter thicknesses for a W anode system oper-
ating at tube voltage of 28 kVp (0.5 mmAl: diamond and black solid line, 1.0 mmAl: circle and grey solid
line, 2.0 mmAl: triangle and grey dashed line, 3.0 mmAl: cross and black dashed line).
Figure 4. SNR values for several calcification thicknesses for W anode spectra, operating at 28 kVp, filtered
with different filter materials.
edge of the filter is more obvious. As the thickness of the calcification increases, filter with higher
k-absorption edge is required in order to achieve the maximum SNR.
4 Conclusion
SNR of breast calcifications strongly depends on the mammographic spectrum. Beam hardening,
due to increase of tube voltage or filtration thickness results in a decrease of the signal strength,
and thus the produced quality image is degraded. This does not stand for the case of thicker
calcifications, where the decrease of SNR with respect to tube voltage is attributed to the noise
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decrease, since the CS has reached to “saturation” region. The study of the influence of filter
material on the calcifications’ SNR leads to the conclusion that as the thickness of the calcification
increases, filters with k -absorption edge of higher energy demonstrate the best characteristics in
terms of SNR.
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